Heat shock proteins (Hsps) are overexpressed in many tumors, but are downregulated in some tumors. , were grown on soft agar only small colonies were formed suggesting a role for heat shock factor 1 (Hsf1) in Ha-Ras val12 -mediated transformation. Although Ha-ras Val12 seems to be an inducer of HSP70's expression, we found that in Ha-ras Val12-transformed fibroblasts expression of this gene is suppressed. This suppression is correlated with higher sensitivity of Ha-ras val12 -transformed cells to heat shock. We suggest that Ha-ras Val12 is involved in Hsf1 activation, thereby inducing the cellular protective response. Cells that repress this response are perhaps those that acquire the capability to further proliferate and become transformed clones.
Heat shock proteins (Hsps) are overexpressed in many tumors, but are downregulated in some tumors. To check for a direct effect of Ha-Ras val12 on HSP70 transcription, we transiently expressed the oncoprotein in Rat1 fibroblasts and monitored its effect on HSP70b promoterdriven reporter gene. We show that expression of Ha-Ras val12 induced this promoter. Promoter analysis via systematic deletions and point mutations revealed that Ha-Ras val12 induces HSP70b transcription via heat shock elements (HSEs). Also, Ha-Ras val12 induction of HSEmediated transcription was dramatically reduced in HSF1À/À cells. Yet, residual effect of Ha-Ras val12 that was still measured in HSF1À/À cells suggests that some of the Ha-Ras val12 effect is Hsf1-independent. When HSF1À/À cells, stably expressing , were grown on soft agar only small colonies were formed suggesting a role for heat shock factor 1 (Hsf1) in Ha-Ras val12 -mediated transformation. Although Ha-ras Val12 seems to be an inducer of HSP70's expression, we found that in Ha-ras transformed fibroblasts expression of this gene is suppressed. This suppression is correlated with higher sensitivity of Introduction Oncoprotiens are commonly considered as inducers of proliferating activity. Yet, their effect on some cell systems is antiproliferative. The Ha-ras val12 oncogene, for example, induces growth arrest and senescence in primary cell cultures (Serrano et al., 1997) , although in established cell lines it induces oncogenesis (Marshall, 1996; Lloyd, 1998; Hanahan and Weinberg, 2000) . In primary cultures, Ras evokes growth arrest by activating proteins such as p53, p21, p16INK4A, CDK4 and p19ARF (Serrano et al., 1997; Ries et al., 2000; Lazarov et al., 2002) . Development of an oncogenic phenotype in primary cultures may occur upon inactivation of one of them (Serrano et al., 1997; Sahai et al., 2001) . These proteins are induced not only in response to undesired oncogenic signals but also in response to stress conditions (reviewed in (Serrano et al., 1997; Frame and Balmain, 2000) ). Another cellular response to stress conditions is the induction of heat shock proteins (Hsps). Many studies described a linkage between high expression of Hsps, in particular HSP70s, and oncogenesis (Ciocca et al., 1993; Li et al., 1995; Volloch and Sherman, 1999; Jolly and Morimoto, 2000; Rohde et al., 2005; reviewed in Jaattela, 1999) , but the role of Hsps in cancer is not well understood. Each tumor seems to express a particular plethora of Hsps (Myung et al., 2004) . Furthermore, some indications exist to propose an antioncogenic role for HSPs (Tetu et al., 1992; Santarosa et al., 1997) and some tumors show no increase, or even a decrease in Hsps expression (Li et al., 1995; Jaattela, 1999; Jolly and Morimoto, 2000) .
Cancer cells, especially at the early stages of the disease, are highly sensitive to chemotherapeutic treatments (Chen et al., 1997b; Brown and Wouters, 1999; Reed, 1999) . This sensitivity is explained by potentiation of apoptotic systems in the transformed cells (Brown and Wouters, 1999; Benhar et al., 2001 Benhar et al., , 2002 , but it could be that low levels of Hsps also contribute to this stress/chemotherapy sensitivity.
A support for the notion that oncogenic activity may suppress expression of Hsps comes from the yeast Saccharomyces cerevisiae in which Ras proteins negatively regulate the transcription of many HSPs (Ruis and Schuller, 1995) . This effect of Ras underlies most, if not all of Ras-induced phenotypes in yeast (Sass et al., 1986; Smith et al., 1998; Stanhill et al., 1999) .
Transcription of many HSPs is induced via the transcriptional activator, heat shock factor 1 (Hsf1; Morimoto et al., 1992 Morimoto et al., , 1998 Wu, 1995; Pirkkala et al., 2001; Ravagnan et al., 2001; Voellmy, 2004) . In nonstressed cells, mammalian Hsf1 appears as a transcriptionally inactive monomer that is distributed between nucleus and cytoplasm (Morimoto, 1998; Voellmy, 2004) . Upon heat shock, Hsf1 is localized primarily to the nucleus, becomes hyperphosphorylated and trimerized (Baler et al., 1993; Sarge et al., 1993; Xia and Voellmy, 1997; Morimoto, 1998; Voellmy, 2004) . Hsf1 specifically binds heat shock elements (HSEs) found in promoters of many stress genes, and also binds promoters with no HSEs (Trinklein et al., 2004) . Its effect on gene expression is complex as some of the promoters associated with Hsf1 are not induced by heat shock and some of the heat shock-induced promoter are also induced in HSFÀ/À cells (Trinklein et al., 2004) . Upon DNA binding, Hsf1 transcriptional activity is further regulated via mechanisms that are as yet unclear (Morimoto, 1998) . Phosphorylation events at various sites, catalysed by many kinases, may be involved in regulating Hsf1 (Mivechi and Giaccia, 1995; Chu et al., 1996 Chu et al., , 1998 Knauf et al., 1996; Kim et al., 1997; Dai et al., 2000; Xavier et al., 2000; Holmberg et al., 2001; reviewed in Voellmy, 2004) . Some phosphorylations (e.g., at Ser303, Ser307) inhibit Hsf1 activity, while others (e.g., Ser320) may be involved in inducing its activity. Hsf1 seems to be also regulated by other mechanisms, including SUMO-1 modification (Hong et al., 2001) , association with chaperones (Mosser et al., 1993; Baler et al., 1996; Shi et al., 1998; Zou et al., 1998) , and changes of its redox state (Ahn and Thiele, 2003) . Finally, as purified recombinant Hsf1 responds to heat shock in vitro (Larson et al., 1995) , it seems that Hsf1 possesses intrinsic temperature sensors that make it independent of upstream signaling.
Several studies addressed the possible involvement of Hsf1 in cancer. Chen et al. (1997a) reported that Hsf1 inhibits Ras-induced activation of c-fos, suggesting that Hsf1 may negate Ras pro-oncogenic effects. On the other hand, Wang et al. (2004) showed that Hsf1 activity contributes to aneuploidy of prostate carcinoma cells and is therefore involved in the pro-oncogenic machinery.
The fact that in yeast Ras is a suppressor of HSPs expression, the sensitivity to stress of transformed cells (Benhar et al., 2001) , the reduced levels of some Hsps in ras-transformed cells (Zuber et al., 2000) and Hsf1 inhibition by the Ras/ERK system (Mivechi and Giaccia, 1995; Knauf et al., 1996) suggest that Ha-ras may be a suppressor of HSP70 expression. We tested this notion by transiently expressing Ha-ras val12 in rat fibroblasts and measuring its effect on a HSP70b-Luc reporter gene. We found that oncogenic Ras is not a suppressor, but rather an inducer of HSP70 transcription. Yet, in Ha-ras
Val12 -transformed cells, HSP70 expression is suppressed, making the cells more sensitive to heat shock. These observations suggest a selection against induction of the Hsf1/HSP70 system during the development of the oncogenic phenotype. gene. When transfected alone, the reporter manifested very low activity that was strongly induced by heat shock (>35-fold; Figure 1 ). The premise was that this heat shock induction would be suppressed when Ha-ras Val12 is coexpressed. However, cotransfection of Ha-ras
Results

Transient expression of
Val12 induced elevation in reporter activity (about threefold; Figure 1 ) in the absence of any stress.
Ha-ras
Val12
-mediated induction of the HSP70b promoter was similar to that of HSF1, which was used as a positive control in the experiment (Figure 1 ). When Ha-ras Val12 and HSF1 were coexpressed, reporter activity was further elevated (B12-fold). When exposed to heat shock, cells transfected with either Ha-ras
, HSF1, or both together also imposed elevated reporter activity (Figure 1 ). This effect of Ha-ras val12 on the HSP70b promoter was also observed in NIH3T3 and Hela cells (data not shown) and in immortalized mouse embryo fibroblasts (MEFs; Figure 3a ). Ha-Ras val12 induces HSP70b promoter mainly through HSEs To identify the Ras-responsive cis-element(s) in the HSP70b promoter, we constructed a series of 5 0 deletions (Figure 2a ). Deletion constructs were planned to systematically eliminate AP-1 and HSEs identified in the promoter sequence (Figure 2a) . When transfected to Rat1 cells, the full-length promoter (À596Luc) supported a >20-fold induction in response to heat shock (Figure 2a) . Removal of about 350 bp (À245Luc) resulted in a 3.5-fold decrease in total promoter activity (basal and induced), but heat shock-dependent induction was fully maintained. Removal of the AP-1 site between À245 and À216 did not affect promoter activity, but removal of the HSE between À216 and À151 decreased promoter activity about threefold. Heat shock-dependent induction was also affected. Removal of another AP-1 site (À111Luc) did not affect activity significantly, but removal of the two proximal HSEs (À56Luc) reduced promoter activity most significantly (Figure 2a) . The results point, as expected (Schiller et al., 1988) , to the HSEs as the main heat shock responsive cis-elements of the HSP70b promoter. The two proximal HSEs seem sufficient for promoter induction. Notably, the À56Luc construct, which manifested very low activity, was found to be heat shock responsive (B2.5-fold), raising a concern that HSEs are not solely responsible for the promoter's 
Ha-Ras
Val12 induces HSP70b transcription A Stanhill et al heat shock responsiveness. To test whether responsiveness is mediated solely through the HSEs, we point mutated all HSEs. As seen in Figure 2b , a full-length promoter (596 bp) carrying these mutations (the mHSE1-4 HSP70bLuc construct) maintained significant basal transcriptional activity (1500 units) showing that its transcriptional activity per se is intact. Yet, its heat shock responsiveness was completely lost (gave rise to 2300 units as compared to 76 000 units generated by the nonmutated promoter). Responsiveness to Ha-ras
Val12
was lost as well ( Figure 2b) . Curiously, the mutated promoter was slightly responsive to HSF1 (Figure 2b ) probably through some low-affinity HSE-like elements.
We also measured responsiveness of the different deletion constructs to Ha-Ras
. As seen in Figure 2c , the À151Luc and the À111Luc constructs were induced by Ha-ras Val12 expression, but the response of the À56Luc reporter gene was minimal.
The results with the deleted and mutated promoters, together with the effects of Ha-ras val12 þ HSF1 cotransfection (Figure 1 ), strongly imply that the major sites of influence of Ha-ras
Val12 at the HSP70b promoter are the HSEs. To assess a direct regulation of HSEs by Ras, we constructed a reporter gene composed of the TK minimal promoter and a tandem repeat of HSEs as the sole binding sites for transcriptional activators. As shown in Figures 2d and 3b, this reporter was induced upon exposure to heat shock (2.5-fold in Rat1 and fourfold in MEFs) and was also induced by coexpression of Hsf1 and Ras (twofold in Rat1 and fivefold in MEFs). It seems therefore that Ha-Ras val12 acts directly on HSEs.
To further test the possibility that Ras activates the HSP70b promoter through Hsf1, we used HSF1À/À MEFs (provided by I Benjamin and L Sistonen). In these cells, the HSP70b-Luc reporter activity was reduced in response to heat shock (Figure 3a) . Coexpression of Ha-ras
Val12 with the reporter resulted in a slight increase in reporter activity (>2-fold), although heat shock response was not restored. Namely, Ras is capable of some activation of the HSP70b promoter in the absence of Hsf1. Coexpression of Ha-ras
Val12 and Hsf1 in the HSF1À/À cells induced basal activity of the reporter to high levels that were not further elevated by stress. Similar results were obtained with the minimal HSE-TK Luciferase reporter in the MEF system Figure 4b ). Also, as Hsf1 was shown to be translocated to the nucleus upon activation, we monitored the cytoplasmic and nuclear fractions of the cells tested for the presence of Hsf1. It seems that the presence of Ha-Ras val12 either transiently or stably did not alter the levels of Hsf1 or its ability to translocate into the nucleus upon heat shock (Figure 4) . Similar results were obtained using immunohistochemistry detection of Hsf1. Yet, in this assay, we monitored Hsf1 protein in the nucleus even in nonstressed cells, probably as a response to the fixation treatment (data not shown). The fact that Hsf1 is cytoplasmic in cells transfected with Ha-ras val12 and yet these cells induce HSP70b-and HSE-based reporters (Figures 1-3) suggests that either the HSF1-independent mechanism acts alone (see Discussion) or that just minute amounts of Hsf1 in the nucleus are sufficient to induce reporter activity.
As Ras is an activator of several kinase cascades (Marshall, 1996; Katz and McCormick, 1997; Campbell et al., 1998; Vojtek and Der, 1998) , we tested if Ras induces Hsf1 activity through phosphorylation. First, we expressed Hsf1 molecules that are mutated in known phosphorylation sites (Ser363, Ser303, Ser307 and Ser230; Jaattela, 1999; Dai et al., 2000; Holmberg et al., 2001) together with Ha-ras
Va112 and the HSELuc reporter. All Hsf1 mutants tested were able to cooperate with Ha-Ras val12 and to induce HSE-Luc reporter ( Figure 5 ) or the -596HSP70b-Luc reporter (data not shown). This result suggests that Ha-Ras val12 does not mediate its effect via the tested phosphoacceptors. As there are several more phosphoacceptors in Hsf1 (Voellmy, 2004) , the result does not exclude an effect of Ras via other phosphorylation sites. However, as is shown in Figure 4 , following heat shock treatment Hsf1 migrated slower, as expected due to phosphorylation events. Expression of Ha-ras val12 either transiently or stably did not have any effect on Hsf1 migration (Figure 4 ). It seems, therefore, that Ha-ras val12 expression does not have a significant effect on Hsf1 phosphorylation. The fact that Ras properly regulated HSF1 S303A rules out the possibility that Ras affect SUMO-1 modification, because Ser303 phosphorylation is a prerequisite for this modification (Hietakangas et al., 2003) . In order to evaluate a possible effect of Ras on Hsf1 redox state, we measured the in vivo redox state of Hsf1 upon cotransfection with Ha-ras val12 . As seen in Figure 6 , expression of Ha-ras Val12 did not impose significant change on redox state of Hsf1. Thus, we could not find any direct effect of Ha-Ras val12 on the Hsf1 protein. We believe that Ras affects HSEs rendering them permissive for Hsf1 binding and does not control Hsf1 directly (see Discussion).
Ha-ras
Val12 partially transforms HSF1À/À MEF cells Is Ha-ras
Val12
-mediated HSP70 induction important for Ha-ras val12 oncogenic activity? We addressed this question by expressing the oncogenic allele of ras in HSF1À/À MEFs. As a control, we performed similar experiments with HSF1 þ / þ MEFs. We observed that HSF1 þ / þ cells, stably expressing Ha-ras val12 , underwent significant changes in morphology, and seem to have lost contact inhibition of growth (Figure 7a ).
Expression of Ha-ras
Val12 in HSF1À/À MEFs also induced a significant change in morphology, but we could not observe any loss of contact inhibition (Figure 7a ). Growth curves of cells grown under low serum conditions showed rapid growth of HSF1 þ / þ cells expressing Ha-ras Val12 (Figure 7b ). Growth rate of HSF1À/À cells expressing Ha-ras
Val12 was also At 48 h post transfection, cells were heat shocked and collected for lysate preparation and fractionation. Fractions were subjected to Western blot analysis using either anti-flag, anti-Src (a cytoplasmic marker) or anti-histone H1 antibodies (a nuclear marker). C, cytoplasmic fraction. N, nuclear fraction. (b) The indicated fractions (C, cytoplasmic; N, nuclear) were prepared from Rat1 and Rat1ras cells, exposed or not exposed to heat shock. Fractions were analysed by Western blot using anti-Hsf1 antibodies.
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Val12 induces HSP70b transcription A Stanhill et al dramatically improved, suggesting that Ras activity allows the cells to partially bypass some growth defects they possess (McMillan et al., 1998) . However, growth rate of HSFÀ/À cells expressing Ha-ras
Val12 was slower than that of HSF1 þ / þ Ha-ras Val12 cells (Figure 7b ). Testing the ability of the different cells to grow in soft agar revealed that HSF1 þ / þ cells expressing Ha-ras
Val12 were able to efficiently proliferate in the agar and gave rise to large colonies. HSF1À/À cells expressing Ha-ras Val12 gave rise to just small colonies (Figure 7c) . Reintroduction of the HSF1 cDNA to HSF1À/À/Ha-ras Val12 cells restored full capability of the cells to grow on low serum and in soft agar (data not shown). It seems that HSF1À/À cells lack some activity required for obtaining maximal proliferation rate in response to Ha-ras val12 .
To test the potency of the different cells to give rise to tumors in vivo, cells were injected subcutanously to nude mice. Injection of either HSF1 þ / þ /Ha-ras val12 cells or HSF1À/À/Ha-ras val12 cells gave rise to tumors. However, tumors formed by HSF1À/À/Ha-ras val12 were significantly smaller than those produced by HSF1 þ / þ / Ha-ras val12 cells (6.25 vs 11 mm in diameter , respectively, at two weeks post injection). Also, 5 weeks after injection, mice carrying tumors formed by HSF1 þ / þ /Ha-ras val12 cells could not carry the large tumors as judged by the rupture of their skin. HSF1À/À/Ha-ras val12 cells never developed to such stages. To summarize, all parameters tested for Ha-ras val12 oncogenic effects were significantly impaired in immortalized HSF1À/À MEFs.
Induction of stress genes is impaired in Ha-ras
val12
-transformed Rat1 cells Given that is an inducer of HSP70b transcription, HSP70 expression is expected to be elevated in Ha-ras val12 -transformed cells. This notion agrees with various reports of high expression levels of HSPs in cancer (Li et al., 1995; Jaattela, 1999; Volloch and Sherman, 1999; Jolly and Morimoto, 2000) , but contradicts with the situation in yeast (Ruis and Schuller, 1995) and with the initial working hypothesis of this study. We monitored mRNA levels of various HSPs in Ha-ras-transformed (Rat1ras) cells and found that their induction was significantly lower as compared to the parental Rat1 cells (Figure 8a ). We also tested the induction of the HSP72 protein using antibodies that specifically recognize the inducible form of Hsp70. As shown in Figure 8b , hardly any induction was detected in Rat1ras cells upon heat shock. We also tested the induction of the HSP70b-luciferase reporter in Rat1 and Rat1ras cells. The results (Figure 8c) Figure 5 Ha-ras Val12 -dependent induction of Hsf1 is not mediated via phosphorylation of the known phosphoacceptors. HSELuciferase reporter (0.5 mg) was cotransfected into HSF1À/À MEFs with or without Ha-ras
Val12 and the indicated HSF1 variants. Reporter activity was determined 48 h post transfection. Since each mutated HSF1 was expressed from a different expression vector, an appropriate control (wild-type HSF1 expressed from the relevant vector) was added in each case. Note that basal activity of Hsf1 carrying the S303/S307A mutations is high. This is an expected observation as mutating Ser303 and Ser307 phosphoacceptors lead to a gain of function type of activity (Knauf et al. (1996) ; Kline and Morimoto (1997) AMS: -+ Figure 6 Ha-Ras val12 does not impose changes on HSF1 redox state. Rat1 cells were transfected with plasmids expressing HSF1-Flag (1-290), and were either untreated (371C) or treated with heat shock, or 500 mM H 2 O 2 for 1 h. Cell lysates were incubated in the presence ( þ ) or absence (À) of AMS, followed by SDS-PAGE and immunoblotting with anti-Flag antiserum. Arrows indicate the positions of oxidized (Ox) and reduced (Red) HSF1 as inferred from AMS reactivity.
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Val12 induces HSP70b transcription A Stanhill et al than in Rat1ras cells. Notably, reporter activity was less affected in Rat1ras cells as were endogenous genes. We believe that the unusual stability of the luciferase protein may explain this phenomenon. Thus, expression of some Hsps, which is induced by Ha-ras val12 when transiently expressed, is downregulated in Ha-ras val12 -transformed cells.
To check whether the reduced expression levels observed for the few selected HSPs (Figure 8a and b) represent perhaps the case of many genes, we tested expression of a broad range of genes using microarray analysis (U34A array of affymetrix). Comparison of gene expression profiles between Rat1ras and Rat1 cells grown under optimal conditions revealed fundamental differences that are not specific to stress-associated genes, but probably reflect the dramatic changes that cells undergo during oncogenic transformation (Figure 8d , the -heat shock lanes). Expression levels of 691 genes changed more than twofold when Rat1 and Rat1ras cells were compared under control and heat shock conditions, 542 of which were expressed differently under normal growth conditions as well (Figure 8d) . Many of the genes whose expression is specifically reduced in heat-shocked Rat1ras cells were found to be stress-associated genes, expanding the findings obtained with S1 analysis of the five selected genes (see selected examples in Table 1 ). Previous studies performed with ras-transformed rat fibroblasts, grown under optimal conditions, found strong suppression of HSP105 and HSP90 in the transformed cells (Zuber et al., 2000) . Interestingly, in Rat1 cells, expression of genes involved in cell cycle control is reduced upon heat shock. This reduction was not observed, however, in Rat1ras cells (Table 1 ), suggesting that the transformed cells are impaired also in this aspect of the heat shock response. In summary, the results shown in Figure 8 and Table 1 indicate that induction of stress-related genes is defective in Ha-ras val12 -transformed Rat1 cells.
Rat1ras cells are more sensitive to heat shock than Rat1 cells
The finding that transcriptional induction of HSPs is impaired in Ratras cells raised the possibility that these cells might be sensitive to heat shock. We examined the capability of Rat1 and Rat1ras cells to form colonies following exposure of the cultures to heat shock (451C for 1 h). The results (Figure 9 ) indicate that Rat1ras cells were significantly more affected by heat shock than Rat1 cells. It should be noted, however, that at constant high temperature (401C) Rat1 and Rat1ras cells grew at similar rates suggesting that Rat1ras cells, although heat shock sensitive, are not thermosensitive.
Discussion
This study showed that the gene encoding HSP70b is induced when Ha-ras Val12 is transiently expressed. However, we found that heat shock induction of many stress-associated genes, including HSP70b, is impaired in Ha-ras val12 -transformed cells. What could explain these differences in Ha-ras val12 effect on HSP70b expression? It is possible that in the normal cell Ras is part of the stress sensing machinery responsible for activating HSPs' transcription (Han et al., 2002) part of the machinery controlling cell cycle arrest (Serrano et al., 1997; Mathon and Lloyd, 2001; Stacey and Kazlauskas, 2002) and cells that had managed to downregulate this response via some genetic or epigenetic mechanism (e.g., a second mutation) gained a proliferative advantage over the arrested culture (Serrano et al., 1997; Brown and Wouters, 1999; Mathon and Lloyd, 2001; Stacey and Kazlauskas, 2002) . Namely, constitutive Ras activation and the consequent expression of stress-related genes generates a selective pressure that selects for cells defective in the protective stress response (Li et al., 1995) . This model explains the sensitivity of oncogenically transformed cells to drugs and stress. The transformed cells that downregulated the stress response and consequently gained growth advantage concomitantly became sensitive to stress and therapeutic agents (reviewed in Li et al., 1996; Brown and Wouters, 1999; Benhar et al., 2002; Johnstone et al., 2002; Engelberg, 2004 ; see also Sahai et al., 2001) .
The idea that transformed cells escaped cell cycle arrest or senescence, in part by suppressing the stress response, does not coincide with reports on high expression levels of HSPs in some tumors (Li et al., 1995; Brown and Wouters, 1999 ; Xanthoudakis and (a) mRNA levels: 5 mg of total RNA prepared from control and heat-shocked cells was subjected to S1 analysis, using the indicated probes. (b) Protein levels: 30 mg of total protein from control and heat-shocked cells was subjected to SDS-PAGE, blotting and probing with the indicated antibodies. (c) À596HSP70b Luciferase reporter (1 mg) was transfected into Rat1 and Rat1ras cells. At 48 h post transfection, cells were subjected to heat shock and reporter activity was determined as described in Materials and methods. (d) Microarray analysis: RNA was prepared as in (a). RNA was subjected to reverse transcription and cRNA labeling (see Materials and methods). Only genes that showed more than a twofold difference in level of expression (691 genes of 8000 tested) are presented. Nicholson, 2000; reviewed in Jaattela, 1999) . We believe that expression of HSPs in these advanced tumors is a secondary selective event in which the cells progress from the stress sensitivity stage to stress/drug resistance stage (see model in Figure 10 ). In these advanced tumor cells, Hsps are part of the antiapoptotic shield (Bruey et al., 2000; Xanthoudakis and Nicholson, 2000; Ravagnan et al., 2001) . As this model (Figure 10 ) suggests that reduction in expression of stress genes is a pre-requisite for early stages of tumor development, it implies that HSF1À/À cells would be more permissive to oncogenic transformation. This idea is also supported by Wang et al. (2004) , who showed that Hsf1 is responsible for aneuploidy of transformed cells. We found, however, that these cells are less transformed by
Ha-ras val12
. We think therefore that in order to acquire the oncogenic phenotype cells must undergo the complete process of initial induction followed by reduction of expression of HSPs. It might be therefore that following a selection process some Hsps will be elevated in HSFÀ/À/Ha-ras va112 cells as a compensatory response and the cells will become highly tumorigenic.
Expression of Ha-ras val12 in fibroblasts results in rapid proliferation. In other cells, active Ras may induce differentiation, development or senescence. Several models proposed explanations for the ability of Ras to induce a variety of phenotypes in various systems (Traverse et al., 1994; Katz and McCormick, 1997; Campbell et al., 1998; Vojtek and Der, 1998; Wang et al., 2002) . Based on the results shown here it could be that in all cells Ras affects the cellular stress response, but each cell responds to these changes differently, according to its specific developmental program. Thus, HSPs may be important targets of Ras, involved in many of its biological and pathological effects (Dwyer et al., 1996; Hatayama et al., 1997) .
Our study shows that the maximal effect of Ha-Ras val12 on HSP70b requires functional Hsf1, but we could not identify any direct effect of Ha-ras val12 on Hsf1. As Ha-ras val12 has a clear effect on HSEs, even in HSFÀ/À cells, we think that Ha-Ras va112 may affect other proteins (perhaps histones) that are associated with HSEs and suppress them when cells are not exposed to stress. Active Ras could alleviate binding of these proteins to HSEs, imposing chromatin remodeling, thereby rendering the DNA permissive for Hsf1 binding. This idea may explain the observation that Ha-Ras val12 alone just partially raises transcription from HSE (even in HSFÀ/À cells), while overexpression of Hsf1 with Ha-Ras val12 imposes maximal activation.
Materials and methods
Cell culture, transfections and reporters Cultures were maintained in DMEM containing penicillin, streptomycin and 10% fetal bovine serum (FBS; Bet-Haemek). For heat shock experiments, cells were transferred to a tissue culture chamber at 451C for 60 min, after which cells were returned to 371C. RNA and protein analyses were performed after 3 and 6 h at 371C, respectively. Transfections of Rat1 and Rat1ras cells were performed using the calcium phosphate method (Ausubel et al., 2001) . Transfections of HSF1 þ / þ and HSF1À/À cells were performed using the Exgen500 (MBI).
For transient transfections with luciferase reporters, 1.5 Â 10 5 cells were seeded in six-well plates. At 48 h after transfection, cells were heat shocked, lysed and luciferase activity was determined using the Promega luciferase kit.
Plasmid constructions
The À596HSP70b Luciferase reporter was constructed by using the À596 F primer (5 0 gcgctcgaggcgtgaagagctgcagtgtc 3 0 ), the À6 R primer (5 0 gcgaagcttcttgtcggatgctggaggcc 3 0 ) and the p2500CAT reporter (Cahill et al., 1996) as a template in a PCR reaction. The PCR product was ligated into the pGL2 basic reporter (Promega). Deletion reporter constructs were obtained by using different 5 0 forward primers. In order to % survival Figure 9 Rat1ras cells are more sensitive than Rat1 cells to heat shock. 5 Â 10 4 cells were plated onto 100 mm plate. After 4 h, cells were either treated (451C for 1 h), or untreated (left at 371C) with heat shock. After 3 h of recovery at 371C, 1000 cells from each sample were replated into a new 100 mm plate. Colonies were counted 7 days later. % survival ¼ (colonies (of heat shocked culture)/colonies (of control culture)) Â 100. Figure 10 A model -changes in the levels of the stress response during the oncogenic process. The model suggests that oncogenic mutation in ras induces the stress response. Cells whose stress response is suppressed, proliferate and give rise to tumors that are sensitive to stress. At this stage of early tumor, the cells are occasionally exposed to stress (hypoxia, nutrient limitation, chemotherapy, etc.) and are therefore subjected to another selective pressure for cells that turn on some antiapoptotic systems and particular stress protective genes. These cells reach the stage of advanced tumors that are insensitive to stress and chemotherapy.
construct the À596HSP70bmHSE1-4 reporter, site-directed mutagenesis reactions (quick change; Stratagene) were performed. To construct the pHSE Luciferase reporter, the following primers were used (He et al., 1998) : HSE F 5 0 tcgagtc gacggatccgagcgcctcgaatgttctagaaaaggc 3 0 , HSE R 5 0 tcgagcctt ttctagaacattcgaggcgctcggatccgtcgac 3 0 . Double strand oligo was self-ligated and X3 repeats were selected for ligation with a pTAL reporter (promega) cut with XhoI.
The pCDNA3.1 Hygro Flag HSF1 1-290 expression vector was constructed by using the 5 0 HSF1 primer (5 0 gcgaagctta tggatctggccgtgggccc 3 0 ), the 3 0 HSF1 primer (5 0 gcgtctagagcgga cagaggcctctcatctatgc 3 0 ) and the b-actin mouse HSF1 expression vector as a template in a PCR reaction.
HSF1 molecules mutated in phosphorylation sites were previously described (Knauf et al., 1996; Dai et al., 2000; Holmberg et al., 2001) .
Growth curves 2.5 Â 10 4 cells per well were seeded (in triplicates) in 12-well plates. At the indicated times, cells were washed with PBS, fixed in cold methanol, and rinsed with distilled water. Cells were stained with 0.1% crystal violet for 30 min, rinsed extensively, and dried. Cell-associated dye was extracted with 1 ml 10% acetic acid. Aliquots were transferred to 96-well microtiter plates, and the optical density at 595 nm was determined. Values were normalized to the optical density at day 0.
Soft agar assays 4 Â 10 3 cells in growth medium containing 0.3% agar (50 ml final volume) were plated on top of a solid growth medium containing 1% agar (100 ml final volume). After the medium solidified, an additional 50 ml of growth medium was added. Cells were stained with 25 ml of MTT (5 mg/ml) for 2 h. Then, cells were solubilized overnight in 20% SDS in 50% DMF, 2% acetic acid and 0.25% HCl. Aliquots were transferred to 96-well microtiter plates and the optical density at 570 nm was determined.
Tumor growth in mice 5 Â 10 6 cells were injected subcutaneously in each flank of nude mice. Tumor volumes were measured after 3 weeks.
RNA extraction and S1 analysis RNA preparation and S1 analysis were performed as described previously (Engelberg et al., 1994) .
Heat shock sensitivity assay 5 Â 10 4 cells were plated on a 100 mm tissue culture plate. At 4 h after plating, media were changed with fresh media preheated to either 451C (for heat shock treated plates), or 371C (control plates). Heat shock-treated plates were further incubated for 60 min in a tissue culture chamber at 451C and returned to 371C for 3 h. Control plates were incubated at 371C. Cells from each plate were trypsinyzed and 1000 cells were replated in a fresh plate and allowed to develop colonies. Number of colonies was determined a week later.
Analysis of Hsf1 redox state in vivo Oxidation state of Hsf1 in vivo was measured via alkylation of cysteine residues with 4-acetamido-4 0 -maleimidylstilbene-2, 2 0 -disulfonic acid (AMS; Molecular probes). Assays were performed as described (Ahn and Thiele, 2003) .
Antibodies
Antibodies used were anti Ras (Y259), Actin (Santa Cruz), Flag epitope (M2 Sigma), the inducible HSP72 form (SPA810 stressgen), Src (MAB327) and Histone H1 (Santa Cruz).
Microarray and data analysis
Probe preparation and hybridization were performed as recommended by the manufacturer of the microarrays and as previously described (Zuo et al., 2002) . After hybridization, each array was washed, stained with streptavidin phycoerythrin (Molecular Probes, OR, USA), hybridized with biotinlabeled anti-streptavidin phycoerythrin antibodies (Vector Laboratories, Burlingame, CA, USA), restained with streptavidin phycoerythrin and scanned (Hewlett-Packard, GeneArray scanner G2500A). Experiments were performed in duplicates, and average data are presented.
Data analysis was performed as previously outlined (Zuo et al., 2002) . Genes were filtered as previously outlined (Kaminski and Friedman, 2002) . For cluster analysis, CLUS-TER, TREEVIEW and Expander analysis packages were used.
